The lithium solid polymer electrolyte battery is arguably the most attractive technology for rechargeable electric power sources, boasting the highest predicted energy density, the fewest environmental, safety, and health hazards, low projected materials and processing costs, and the greatest freedom in battery configuration. Poly(ethylene oxide) (PEO)-based materials are favored candidates for polymer electrolytes. 1 Although PEO-salt complexes are highly conductive at high temperatures (>10 Ϫ4 S cm Ϫ1 at 70ЊC), these same materials lose their conductivity rapidly upon crystallization (T m ϭ 65ЊC for PEO). The coupling between ion motion and segmental motion of the PEO chains has been described recently, 2,3 corroborating observations that ionic conductivity is predicated on the mobility of the polymer host. Indeed, electrochemical impedance spectroscopy studies of highly cross-linked amorphous PEO/salt materials have yielded results similar to those of semicrystalline PEO materials; conductivity falls when chain mobility is compromised. [4] [5] [6] [7] Given the phenomenological relation between ionic conductivity and chain mobility, research has been directed toward synthesizing amorphous, low-T g polymer electrolytes. Strategies to improve conductivity at ambient temperatures include modified molecular architectures and compositions to preempt crystallization. [8] [9] [10] [11] [12] [13] [14] [15] [16] These approaches have resulted in materials with high conductivities at ambient temperatures, but their liquid-like nature renders a separator or supporting matrix necessary in a battery configuration. Other strategies have addressed the issue of dimensional stability, such as chemical cross-linking to form a rigid network. 17, 18 As mentioned above, however, cross-linking can suppress ionic mobility and moreover complicates processing. An alternative approach involves infusing a polymer network with a suitable ionically conducting liquid such as propylene carbonate. Such "gel polymer electrolytes" have measured conductivities as high as 10 Ϫ3 S cm Ϫ1 at room temperature. 19 However, these systems suffer from limited electrochemical stability and require suitable packaging of the volatile organics.
domains. The choice of an amorphous PEO-based polymer as one block component assures that continuous ion-conducting pathways can be formed in the material upon microphase separation. In previous work on doped block copolymer electrolytes, the conductive block component was combined with a stiff high-T g block, such as poly(styrene) [20] [21] [22] or poly(4-vinylpyridine), 23 to impart dimensional stability to the material. What is less appreciated is that, analogous to crystallization, microphase separation confers solid-like mechanical properties to the material at macroscopic scales even when both polymer blocks reside above their respective glass transition temperatures, T g . 24, 25 At local scales, however, the mobility of the polymer chains remains high, even comparable to that in the molten state. 26 Here we report the synthesis and characterization of rubbery (low T g ) diblock copolymer electrolytes that combine a poly(lauryl methacrylate) (PLMA) block and a PEO-based poly[oligo(oxyethylene) methacrylate] (POEM) block. The conductivities of these materials are measured and compared to those of analogous electrolytes prepared with poly(n-butyl methacrylate) (PnBMA) and poly(methyl methacrylate) (PMMA) blocks, which have higher glass transition temperatures. These results demonstrate that, by joining two noncrystallizing polymers with T g s well below room temperature, a dimensionally stable electrolyte can be realized that displays room-temperature conductivities comparable to that of the PEO-based homopolymer melt. The utility of this approach is further demonstrated by subjecting the block copolymer electrolyte to cyclic voltammetry (to observe electrochemical stability) and cycle testing in prototype lithium batteries at ambient and subambient temperatures.
Experimental
Tetrahydrofuran (THF) was used as solvent for both the anionic polymerization of the block copolymers and later, the solvent casting of the BCE films. THF was rigorously purified by refluxing over sodium/benozophenone ketyl for 48 h, and then distilled into sealable Schlenk apparatus immediately before use. Methacrylate monomers were first stirred and vacuum distilled over CaH 2 , then degassed, and distilled again over 25% trioctylaluminum/hexane solution. The block copolymers were polymerized at Ϫ78ЊC by the sequential addition of purified lauryl methacrylate (Aldrich) and oligo (oxyethylene) methacrylate (Polysciences) to diphenylmethyl potassium initiator in 350 mL THF. Upon termination of the reaction with degassed methanol, the copolymer solution was concentrated on a rotary evaporator, precipitated in petroleum ether, and finally centrifuged to isolate the colorless polymer. Three PLMA-b-POEM diblock copolymers, containing 17, 53, 68, and 77 wt % POEM were synthesized, as well as a POEM homopolymer. For comparison with systems incorporating higher T g components, the above synthesis method was followed to obtain diblock copolymers of poly(butyl methacrylate) and POEM (PnBMA-b-POEM), and poly(methyl methacrylate) and POEM (PMMA-b-POEM) with similar composition and molecular weight. Finally, a 50/50 w/w random copolymer of PMMA and POEM (P(MMA-r-OEM)) was prepared anionically, in which mers of MMA and OEM are randomly distributed along the polymer backbone. The synthesis of this system is reported elsewhere. 27 In all of these systems, the POEM block incorporates PEO side chains approximately nine ethylene oxide units long, sufficiently short to avoid crystallization. 28 Molecular weights and components of synthesized polymers were determined by gel permeation chromatography/multiangle laser light scattering and proton nuclear magnetic resonance (NMR) spectroscopy, respectively.
To determine the glass transition temperatures of the synthesized products, differential scanning calorimetry (DSC) was performed using a Perkin-Elmer DSC7S. In all tests, a scan rate of 10 K min Ϫ1 was used over the temperature range Ϫ100 to 30ЊC. The instrument was calibrated at this scan rate using cyclohexane and H 2 O standards. The glass transition was marked at the onset of deviation from the heating trace, indicative of the glass-to-rubber transition.
Rheological characterization of this system was performed using a Rheometrics ARES rheometer with a parallel-plate fixture. The polymer was pressed to a gap width of 0.6 mm and a stable normal force of approximately 1000 g. The complex shear modulus, G ϭ GЈ ϩ iGЉ, was then measured as a function of frequency by dynamically shearing the polymer at a fixed strain of 1.5% over the frequency range 0.1 to 250 rad s Ϫ1 at temperatures from 25 to 90ЊC.
Transmission electron microscopy was used to observe directly the microphase morphology of a 50:50 PLMA-b-POEM block copolymer. To accomplish this, a bulk specimen was microtomed under cryogenic conditions. The copolymer sections were then stained for 5 min over ruthenium tetroxide, which preferentially stains the POEM (PEO-rich) block. Microscopy was performed on a JEOL 200CX tungsten-based TEM, operated at an accelerating voltage of 200 kV.
The electrical conductivities for PEO (Polymer Laboratories, M ϭ 448,000 g mol Ϫ1 ), the POEM homopolymer, and the copolymers were measured at a constant salt concentration of [EO]:Li ϩ ϭ 20:1. This salt concentration was found to give optimal values for the electrical conductivity in these materials. A recent study by Hubbard et al. reports that salt concentration effects on electrical conductivity are little influenced by molecular architecture in PEO-based electrolytes. 35 Specimens were initially dried in a vacuum oven at 70ЊC for 24 h. LiCF 3 SO 3 (lithium triflate) was dried in vacuo at 130ЊC for 24 h. Each material was then transferred to an argon-filled glove box (moisture level measured to be less than 2 ppm), solvated in rigorously purified THF or acetonitrile in a sealed vessel, and solution cast onto a glass die. After almost all of the solvent had evaporated, the electrolyte was then transferred into an antechamber where it was held in vacuo for 24 h at room temperature. The dry, solventfree specimen was then returned to the glove box, where it was loaded between a pair of blocking electrodes made of type 316 stainless steel and pressed to a thickness of 250 m. The electrode assembly was placed inside a brass cell with seven hermetically sealed ports. The four electrode lead wires were fitted to BNC connectors at four of these ports. Two ports, equipped with valves, served as inlet and outlet for argon flow. The last port accommodated an Oring sealed glass tube through which a type-K thermocouple was fed and positioned directly next to one of the stainless steel electrodes. The use of compression fittings rendered the cell cap vacuum tight. The sealed cell was removed from the glove box and annealed at 70ЊC for 24 h, blanketed by a flow of dry, grade 5.0 nitrogen. Over the temperature interval spanning Ϫ20 to 90ЊC, conductivity was measured by impedance spectroscopy using a Solartron 1260 impedance gain/phase analyzer (Solartron Instruments, Allentown, PA). The specimen was protected by flowing dry nitrogen gas (grade 5.0) at all times during the experiment.
A block copolymer electrolyte (BCE) was prepared of 77 wt % PLMA-b-POEM (32:68) ϩ 23 wt % polyethylene glycol dimethyl ether (PEGDME, Mϭ430 g/mol, Polysciences) and doped with LiCF 3 SO 3 by solution casting as described above. The lithium-ion transference number of the BCE was determined by a combination of dc polarization and impedance measurements. 31 The cell comprised two symmetrically disposed lithium electrodes separated by a BCE film ϳ150 m in thickness.
The limit of electrochemical stability of the BCE was determined by cyclic voltammetry The electrolyte was pressed between an oversized counter electrode of lithium and a 0.2 cm 2 working electrode of aluminum to a film thickness of approximately 150 m. A lithium reference electrode was extruded into the cell through the side and positioned near the working electrode. Using a Solartron 1286 electrochemical interface (Solartron Instruments, Allentown, PA) controlled by a PC running CorrWare (Scribner Associates, Inc., Southern Pines, NC), the potential was scanned from ϩ2.0 to ϩ5.0 V vs. Li/Li ϩ at a sweep rate of 0.5 mV s Ϫ1 . The Li/BCE/Al cell was additionally employed to study electrolyte performance at subambient temperatures.
The composite cathode (positive electrode) of the solid-state battery was prepared by casting a suspension of a mixture of LiAl 0.25 Mn 0.75 O 2 (45 wt %), carbon black (7 wt %), graphite (6 wt %), and BCE (42%) in dry THF solution onto an Al foil heated to 60ЊC. Evaporation of the THF produced a cathode film ϳ150 m thick. The resulting cathode film was placed under vacuum for 48 h at 60ЊC to remove any moisture present. This material was cut into square electrodes measuring 1 cm on a side. The LiAl 0.25 Mn 0.75 O 2 powder, which serves as the intercalation compound in the cathode, was produced by coprecipitation of hydroxides followed by firing at 945ЊC. Details of oxide synthesis and characterization are published elsewhere. 33 
Results and Discussion
The compositions and molecular-weight characteristics of the synthesized polymer electrolytes are given in Table I . The glass transition temperature of the POEM homopolymer was determined by DSC to be approximately Ϫ65 Ϯ 4ЊC. For the PLMA-b-POEM block copolymers, two distinct transitions were detected, one at Ϫ65 Ϯ 4ЊC for the POEM block and one at Ϫ35 Ϯ 3ЊC for the PLMA block. For the PnBMA-and PMMA-based materials, T g s for the secondary blocks were measured at 40 Ϯ 3ЊC and 100 Ϯ 3ЊC, respectively. Bright field TEM confirmed the formation of lamellar nanoscale domains in a 50:50 PLMA-b-POEM specimen, seen in Fig. 1 .
In general, the rheological behavior of block copolymers depends strongly upon whether the material resides in the ordered or disor- Figure 2 presents the data of storage (GЈ) and loss (GЉ) moduli for the PLMA-b-POEM (32:68) block copolymer. At low frequencies the storage modulus reaches a plateau value whereas the loss modulus assumes a limiting power law in which GЉ ϳ 0.5 . This low-frequency scaling behavior, typical of that observed in all the block copolymers, is characteristic of a microphase-separated system, 24 and verifies its solid nature. Even in the PLMA-b-POEM (32:68)/PEGDME blend, the low-frequency scaling behavior observed in Fig. 2 is seen, indicating that these short PEO chains stay confined to the POEM domains of the copolymer morphology, as expected. 29 By contrast, the POEM homopolymer exhibits the low-frequency scaling behavior GЉ ϳ , indicative of a polymer in its molten state. The observed temperature dependence of ionic conductivity in the POEM-based systems is non-Arrhenius and may be more effectively analyzed by the Vogel-Tammann-Fulcher (VTF) equation. This relation is obtained by combining the Nernst-Einstein relation for ionic diffusion of charge carriers with the Stokes-Einstein relation between D and the reciprocal viscosity of the conducting medium 1, 30 In this equation, is ionic conductivity, A is a constant proportional to the number of carrier ions, E a is the activated complex for
ion motion, k is Boltzmann's constant, and T o is a reference temperature usually taken to be about 35 to 50Њ below the glass transition temperature. Measured values of the electrical conductivities of PLMA-based block copolymer electrolytes are shown in Fig. 3 . With the exception of the 83:17 PLMA-b-POEM/LiCF 3 SO 3 specimen, the room-temperature conductivities of the PLMA-b-POEM/LiCF 3 SO 3 electrolytes were observed to be about two orders of magnitude higher than that of PEO/LiCF 3 SO 3 and comparable to that of POEM/LiCF 3 SO 3 . The 83:17 PLMA-b-POEM/LiCF 3 SO 3 specimen displayed negligible conductivity. This result is not surprising because the expected morphology at this composition is one of nonpercolating spherical POEM domains in a PLMA matrix. 34 By increasing the relative size of the POEM block to be Ն50 vol %, continuous conductive pathways are formed, with larger POEM fractions giving higher conductivities. The PLMA-b-POEM (32:68)/PEGDME blend displayed conductivities exceeding 10 Ϫ5 S cm Ϫ1 at room temperature. The VTF parameters used to obtain the fits to these data are given in Table II. In the PLMA-b-POEM/LiCF 3 SO 3 systems, E a was observed to be relatively constant at 0.088 eV, suggesting that the energetics of local ion motion are not highly dependent on the morphology of the block copolymer. On the other hand, the exponential prefactor A was observed to fall significantly with decreasing POEM content, suggesting that the decrease in conductivity may be attributable solely to the reduction in the number of effective charge carriers. The transference number of the PLMA-b-POEM (32:68)/PEGDME blend was determined to be ϳ0.5 at room temperature.
Conductivity measurements made on the LiCF 3 SO 3 -doped 53:47 PLMA-b-POEM, PMMA-b-POEM, and PnBMA-b-POEM are shown in Fig. 4 . Recall that the PLMA, PnBMA, and PMMA blocks exhibited secondary glass transitions at Ϫ35, 40, and 100ЊC, respectively. In light of these differences, one might expect the mobility of the conductive POEM block to be influenced in varying degrees by the neighboring block, resulting in disparate bulk ionic conductivities. Indeed, measured conductivities monotonically decreased over the entire temperature range as the glass transition of the n-alkyl methacrylate block increased. VTF fits to these data yielded E a values ranging from 0.089 eV for the PLMA-b-POEM system to 0.101 eV for the PMMA-b-POEM system, suggesting an increasing energetic barrier to ion motion with increasing T g of the nonconducting block. The P(MMA-r-OEM) random copolymer exhibits an architecture in which MMA and OEM mers are randomly sequenced in a 4:1 molar ratio (ϳ50/50 w/w ratio) along the backbone. Random copolymers do not microphase separate, but instead form homogenous phases with properties generally given by a weighted average of the constituents' properties. Hence this provides a useful means to compare microphase-separated and molecularly mixed copolymer electrolytes. Impedance studies on this material (Fig. 4) indicate it is a subtantially poorer conductor than the doped block copolymer PMMA-b-POEM of identical composition. It is apparent that the molecular "dilution" of the OEM mers with a nonconductive MMA component results in a significant reduction in ionic mobility. This loss is compounded by the increase in T g which occurs upon mixing with the MMA component, retarding ion motion even further as a consequence of hindered segmental motion of the PEO side group. Accordingly, the VTF fit of the conductivity data of P(MMA-r-OEM)/LiCF 3 SO 3 yielded a relatively high E a value of 0.137 eV, compared with 0.101 eV for PMMA-b-POEM/LiCF 3 SO 3 . Figure 5 shows the results of cyclic voltammetry performed on the Li/BCE/Al cell (a) at room temperature and (b) at 55ЊC. Such a high anodic limit may mimic the situation in which a secondary battery is subjected to overcharging. Although there is evidence of a very shallow wave around 4.2 V which could be attributed to breakdown of lithium triflate, electrolyte stability is demonstrated by the negligibly small currents at extreme potentials, e.g., 0.62 A/cm 2 at 5.0 V vs. Li/Li ϩ . The decrease in current after the first cycle may be related either to a passivation phenomenon or simply the removal of impurities from the electrolyte. Even at 55ЊC, currents remain below sites. This behavior is characteristic of the spinel phase Li x Mn 2 O 4 for which it is reported that the 3.0 V plateau corresponds to lithium insertion into octahedral sites and the 4.0 V plateau corresponds to lithium insertion into tetrahedral sites. 32 After further cycling, the voltage steps became more distinct as can be seen in the 23rd cycle. Figure 7 shows the evolution of the specific discharge capacity. After ϳ12 cycles, the intercalation oxide reached its optimal capacity of ϳ125 mAh/g. This result indicates that the cell exhibits good cyclability when cycled over both the 4.0 and 3.0 V plateaus. More information about the characteristics of LiAl 0.25 Mn 0.75 O 2 is reported in a separate article. 33 The electronic conductivity of LiAl 0.25 Mn 0.75 O 2 is too low to allow it to be used in charge/discharge testing at subambient temperatures. Accordingly, the low-temperature performance of the BCE was examined in a Li/BCE/Al cell which charges and discharges according to
To confirm that the alloying of lithium and aluminum proceeds at an acceptable rate and to determine the reversibility of the reaction, the electrochemical behavior of an aluminum working electrode was studied by cyclic voltammetry. Voltage ranged between ϩ1.5 and Ϫ1.0 V vs. Li/Li ϩ at a scan rate of 0.01 mV s Ϫ1 . Figure 8 shows that alloying of lithium on aluminum begins at ϩ0.2 V and continues to occur at a high rate during the remainder of the cathodic sweep. Delithiation of the alloy begins at approximately ϩ0.4 V on the anodic sweep. Not all the lithium that has alloyed with aluminum is recoverable on the reverse sweep as a result of kinetic factors, e.g., diffusion into the substrate. Just the same, on the strength of these results we felt that meaningful battery performance data could be obtained from a Li/BCE/Al cell. The first discharge took the cell to 0.06 mAh cm Ϫ2 , beyond which lithium ions were cycled at a current density of 0.015 mA cm Ϫ2 between 0.03 and 0.06 mAh cm Ϫ2 . The second, tenth, and twentieth cycles shown in Fig. 9 are evidence that the battery exhibits good reversibility at all temperatures studied. At Ϫ20ЊC the battery remains fully functional, i.e., it can be discharged and charged, although the polarization is greater than that measured at room temperature.
Conclusions Rubbery diblock copolymer electrolytes based on PLMA-b-POEM complexed with LiCF 3 SO 3 have been prepared which demonstrate dimensional stability, exhibit conductivities around 10 Ϫ5 S cm at room temperature, and are electrochemically stable over a wide potential window. A comparison with glassy-rubbery block copolymer electrolytes demonstrates that lowering the glass transition temperature of the secondary block significantly increases the measured conductivity of the electrolyte. Decreasing the weight fraction of the POEM component was observed to reduce conductivity, and in fact results in an insulator at a composition where the POEM domains no longer percolate. Blending with PEGDME resulted in a BCE with enhanced conductivity, which served as an effective electrolyte and cathode binder in an all-solid state battery. The Li/BCE/LiAl 0.25 Mn 0.75 O 2 battery showed a high reversible capacity and good capacity retention at room temperature. The BCE continued to be effective at temperatures as low as Ϫ20ЊC in a Li/ BCE/Al battery configuration. We expect that moving to block components with even lower glass transition temperatures, or higher inherent conductivities, may further improve both the ambient temperature performance and temperature window of operation.
